This protocol presents the use of Lewis acidic multi-role reagents to circumvent kinetic trapping observed during the self-assembly of information-encoded oligomeric strands mediated by paired dynamic covalent interactions in a manner mimicking the thermal cycling commonly employed for the self-assembly of complementary nucleic acid sequences. Primary amine monomers bearing aldehyde and amine pendant moieties are functionalized with orthogonal protecting groups for use as dynamic covalent reactant pairs. Using a modified automated peptide synthesizer, the primary amine monomers are encoded into oligo(peptoid) strands through solid-phase submonomer synthesis. Upon purification by high-performance liquid chromatography (HPLC) and characterization by electrospray ionization mass spectrometry (ESI-MS), sequencespecific oligomers are subjected to high-loading of a Lewis acidic rare-earth metal triflate which both deprotects the aldehyde moieties and affects the reactant pair equilibrium such that strands completely dissociate. Subsequently, a fraction of the Lewis acid is extracted, enabling annealing of complementary sequence-specific strands to form information-encoded molecular ladders characterized by matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS). The simple procedure outlined in this report circumvents kinetic traps commonly experienced in the field of dynamic covalent assembly and serves as a platform for the future design of robust, complex architectures.
Introduction
Progress in self-assembly, the process by which small sub-units generate larger architectures through thermodynamically-driven pathways, has afforded improved control over macro-and supra-molecular nanostructures typically by exploiting intermolecular interactions such as π-stacking and hydrogen bonding 1, 2, 3, 4 . In particular, nucleic acids (i.e., polynucleotides) have emerged as remarkably versatile nano-construction media as the high information density provided by Watson-Crick base pairing permits the assembly of complex, sequence-selective structures 4, 5 . Whereas the inherently low strength of these transient intermolecular bonds enables sub-unit rearrangement and error-correction, the resultant structures are often susceptible to thermal and mechanical degradation 6 . In contrast, dynamic covalent interactions 7, 8, 9 , a class of covalent bond-forming reactions that are reversible or rearrangeable under mild conditions and have recently been employed to yield intricate macromolecules such as ladders 10, 11, 12, 13 , cages 14, 15, 16 , and stacks 17 , offer increased bond strengths and robust structures. Unfortunately, the capacity for rearrangement and error-checking is diminished by the relatively low rearrangement rates of these covalent species, curtailing their capacity for self-assembly into desired products 18 . To address this kinetic trapping, catalysts or harsh reaction conditions are often utilized in conjunction with simple building blocks. Here, we report a process which circumvents kinetic trapping to enable the self-assembly of molecular ladders from sequencespecific oligomers where the hybridization is directed by the information encoded in the oligomer residue sequences.
Given their synthetic accessibility, poly(N-substituted glycine)s (i.e., peptoids) are employed as the oligomeric precursors from which the molecular ladders are assembled 19 . Peptoids are structural isomers of peptides in which pendant groups are affixed to the backbone-borne nitrogen instead of being coupled with the α-carbon 20 . Using solid-phase synthesis, exact placement of dynamic covalent pendant groups along the peptoid chain is readily achieved, allowing for the design of precursor oligomers that can assemble into complex supramolecular structures 21 .
The dynamic covalent rearrangement of imine connectivity is employed in this procedure as the imine-generating condensation reaction provides a convenient means to characterize the self-assembly by mass spectrometry as each bond formed results in a mass reduction of 18 g/mol 22 . Furthermore, the equilibrium between the amine and aldehyde reactants and imine product can be varied by altering the acid concentration. Specifically, rare-earth metal triflates are used to affect equilibrium, and additionally deprotect ethylene acetal-protected aldehydes 23, 24, 25 . To note, scandium triflate is already commonly used in the field of dynamic covalent self-assembly, including its recent success in aiding the synthesis of covalent organic frameworks (COFs) at room temperature 1 H NMR (400 MHz, CDCl 3 ) δ: 7.67 (d, J = 8.0, 2H, Ar), 7.59 (d, J = 8.4, 2H, Ar), 5.84 (s, 1H, CH), 4.12 -4.03 (AAʹBBʹ, 4H, (CH 2 O) 2 ). 13 C NMR (100 MHz, CDCl 3 ) δ: 143.20, 132. 34, 127.30, 118.72, 113 .02, 102.56, 65.57. NOTE: The product is a white crystalline solid and has an overall yield of 86%. Use the product without further purification. 29 1. Prepare a solution of 10 g (0.057 mol) of 4-(1,3-dioxacyclopent-2-yl)benzonitrile in 100 mL of anhydrous Et 2 O. 2. Carefully add 4.3 g (0.11 mol; 2 equiv.) of LiAlH 4 to 100 mL of anhydrous Et 2 O in a round bottom flask at 0 °C. Stir to create a wellmixed suspension and seal the system under an inert atmosphere using an argon-filled balloon. Carefully quench with ethanol any residual LiAlH 4 on equipment used for weighing. CAUTION: Lithium aluminum hydride (LiAlH 4 ) is a mild pyrophore; handle under inert gas and protect from moisture. 3. Add the 4-(1,3-dioxacyclopent-2-yl)benzonitrile solution slowly using an addition funnel or a syringe pump while maintaining the reaction mixture at a temperature of 0 °C. 4. Stir the reaction mixture for 4 h at 0 °C, followed with 12 h at room temperature. 5. After the reaction is complete and cooled to 0 °C, slowly add 95% ethanol (30 mL 3. Add 50 mL of 6 M aqueous NaOH (2 equiv.). 4. Dissolve 54 g (0.28 mol; 2 equiv.) of tosyl chloride in 80 mL of THF and add the solution to the reaction mixture dropwise. Stir for 1 h at 0 °C. 5. Allow the reaction mixture to reach room temperature and stir for another hour. 6. Extract the reaction mixture with Et 2 O (400 mL). 7. Wash the organic layer with 1 M NaOH, then with DI water. 8. Dry over Na 2 SO 4 , then filter. 9. Evaporate to dryness under reduced pressure. 10 . Confirm the identity of the isolated product by NMR spectroscopy. Expect the following results: 13 C NMR (100 MHz, CDCl 3 ) δ: 70.70, 69.97, 69.80, 66.63, 50.60, 15.08. NOTE: The product is a yellow liquid and has an overall yield of 85%. Use the product without further purification. 
Synthesis of 4-(1,3-dioxacyclopent-2-yl)benzylamine (Npal)
) δ: 3.64 (m, 4H, O-CH 2 -CH 2 -O), 3.58 (m, 2H, N 3 -CH 2 -CH 2 -O), 3.51 (q, J = 7.5, 2H, O-CH 2 -CH 3 ), 3.38 (t, J = 5.0, 2H, N 3 -CH 2 -CH 2 -O), 1.19 (t, J = 7.5, 3H, O-CH 2 -CH 3 ).
Solid-phase submonomer synthesis of oligo(peptoids)
NOTE: The submonomer approach to solid-phase synthesis (SPS) was employed as it enables the production of sequence-specific oligomers with high coupling efficiency. An automated peptide synthesizer was adapted to rapidly generate oligo(peptoids). Settings may require modification for different instrumentation.
Representative Results
To demonstrate the ability of information-encoded peptoids to undergo sequence-selective dynamic covalent self-assembly into molecular ladders, a representative strand, H 2 N-[Npam-Neee-Npal-Neee] 2 -Npam-Nma, was synthesized and hybridized with its complementary peptoid sequence. The monomers Npam and Npal (characterized by 1 H NMR (500 MHz), Figure 1 ) were employed as dynamic covalent reactant pairs with Neee aiding solubility of final self-assembled products. Additionally, the incorporation of the commercially available Nma monomer enables a mass differentiation between the two complementary sequences. Upon completion of the solid-phase submonomer synthesis, the Alloc-group was removed with Pd(PPh 3 ) 4 . Prior to and after deprotection, portions of the resin were cleaved under 405 nm light and characterized by ESI-MS (Figure 2) . The sequence was purified by prep HPLC, lyophilized to achieve an off-white powder, and purity confirmed with analytical HPLC Copyright © 2020 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License February 2020 | 156 | e60442 | Page 5 of 10 (Figure 3) . The oligo(peptoid) was subsequently hybridized with its complementary sequence, H 2 N-[Npal-Neee-Nam-Neee] 2 -Npal, to afford an in-registry ladder confirmed by MALDI-MS (Figure 4 ). 
Discussion
The technique herein describes the dynamic covalent assembly of information-bearing peptoid oligomers, where information is encoded in the sequence of their pendant groups. The use of an Alloc-protected amine monomer in conjunction with an ethylene acetal-protected aldehyde monomer allows for orthogonal deprotection, enabling Alloc deprotection on bead and acetal deprotection in situ during the self-assembly reaction, thereby ensuring the synthesized sequences do not prematurely react prior to oligomer purification and characterization. Importantly, the solid-phase synthesis is performed using a photolabile resin to enable oligomer cleavage from the bead under UV or violet light irradiation, precluding premature deprotection of the acid-labile, ethylene acetal-based protecting group. Several alternative deprotection schemes might be considered. For example, we initially employed dual acid-labile protecting groups (Boc-amine and ethylene acetal-aldehyde) with the intention of in situ deprotection by a strong acid followed with neutralization to allow the self-assembly reaction to proceed; however, this approach resulted in the immediate generation of precipitate upon addition of base. Alternatively, protection of the amine with a photolabile protecting group, 2-(2nitrophenyl)propoxycarbonyl (NPPOC), was envisioned as the aldehyde could be selectively deprotected upon treatment with trifluoroacetic acid (TFA) prior to purification. Unfortunately, in situ photolysis of the protecting group with UV light did not afford quantitative deprotection, even in the presence of photosensitizers and after extended irradiation periods 25 . Trimethylsilylethoxycarbonyl (i.e., Teoc) can be employed as an amine protecting group and is subject to cleavage upon treatment with rare-earth metal triflates; however, quantitative Teoc deprotection requires much higher rare-earth metal triflate loadings than that necessary for ethylene acetal deprotection. For this protocol, Teoc-amines may be used, but the Lewis acid concentration must be adjusted accordingly as sub-quantitative amine deprotection could prove problematic for larger self-assembled structures. Aliphatic functional groups were briefly considered, but deprotection of aliphatic aldehydes requires harsh conditions that truncate peptoid sequences 32, 33 .
Incorporation of Neee and Nma as inert spacer residues serve to improve oligomer solubility and enable facile mass-tagging of the precursor oligomers to afford ready identification of the generated species by mass spectroscopy. Furthermore, given the 'Σ-strand' conformation of peptoids where adjacent backbone segments adopt opposing rotational states to form a linear, twist-free oligomer 34, 35 , sequences incorporating alternating dynamic covalent and inert spacer residues facilitates a structure in which reactive pendant groups are oriented in the same direction. Given the versatility of the submonomer method, a large and diverse library of primary amines can be employed to further modify the peptoid oligomers but may require adjustments to the protocol to maintain high coupling efficiency.
Whereas oligo(peptoids) can be synthesized manually in a glass reaction vessel 19 , automation of the process decreases the time for each residue addition from several hours to half an hour. Additionally, automation diminishes the quantity of monomer and wash solvent waste, particularly desirable when using primary amine monomers that are not commercially available. Although Alloc cleavage from the protectedamine residues is an efficient reaction, palladium oxidation can result in incomplete deprotection. Consequently, it is suggested to test cleave a portion of the resin and characterize the extent of deprotection with ESI-MS. For test cleavages, 30 min under 405 nm irradiation releases Copyright © 2020 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License February 2020 | 156 | e60442 | Page 9 of 10 sufficient peptoid for mass spectrometry. Partial deprotection can be limited with the use of anaerobic conditions or repeating the deprotection reaction.
Whereas this article focuses on Sc(OTf) 3 as a multi-role reagent, other rare-earth metal triflates, such as ytterbium triflate, have been shown to successfully mediate the information-directed assembly of molecular ladders. Notably, Sc(OTf) 3 is the most Lewis acidic of the rare-earth metal triflates; thus, owing to the reduced catalytic ability afforded by other rare-earth metal triflates 24, 36 , greater equivalents may be required to effect complete ethylene acetal deprotection and strand dissociation. The number of equivalents required can be determined with MALDI mass spectrometry by observing point at which strands completely dissociate. Dissociation is critical in the self-assembly process and is analogous to the melting of nucleic acid strands at raised temperature. The subsequent extraction of catalyst enables the formation and disruption of dynamic covalent pairings propelling the assembly of sequence-specific duplexes. This gradual annealing of the oligomeric strands circumvents the kinetic trapping (which, for molecular ladders, can yield out-of-registry species or incorrectly pair sequences) experienced by other methods.
Chloroform is an excellent solvent as phase separation in the chloroform/acetonitrile/water ternary system used here promotes the partial extraction of Lewis acid without resulting in precipitation of self-assembled structures 37 . Additionally, chloroform is one of the few solvents that promotes imine formation while maintaining molecular ladder solubility. Trace amounts of out-of-registry and incorrectly paired duplexes can often be observed owing to the dynamic nature of the system. Although this system is largely unaffected by small variation in rare-earth metal triflate concentrations upon extraction, on occasion, insufficient catalyst extraction generates a significant portion of incomplete hybridization and non-specific oligomer couplings. In this case, it is generally preferable to first re-dissociate with a further 1.5 equivalents of catalyst and then extract a second time rather than to re-extract immediately, as the complete dissociation of single strands is vital to the process. To simultaneously assemble several unique information-encoded molecular ladders, it may be necessary to increase the concentration of the rareearth metal triflate stock solution used to maintain equivalents and total reaction volume.
While these self-assemblies are primarily characterized by mass spectrometry, other techniques including fluorescence resonance energy transfer (FRET) are possible. Limitations include quantity of material necessary, affordability of monomers, and signal-to-noise ratio. Techniques requiring solvents, such as 1 H NMR, can additionally suffer from insolubility of self-assembled structures. Furthermore, rare-earth metal triflate concentrations post-extraction can be determined through such methods as ICP-MS or 19 F NMR with an internal standard.
As progress towards improved control over macro-and supra-molecular nanostructures and materials proceeds, the challenge of designing and fabricating regular, but modifiable, assemblies arises. The protocol described in this report provides a pathway to achieve such nanostructures through sequence-selective assemblies via dynamic covalent interactions.
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